Background: Colorectal cancer (CRC) is the second most common type of cancer in the Western world. The treatment of this disease has evolved greatly, particularly for patients with metastatic disease. The advent of combination chemotherapy plus targeted agents has led to more curative resections and improved survival rates in these patients. A deeper understanding of the mechanisms of tumorigenesis has facilitated tumor characterization, prognosis and patient stratification, bringing us one step closer towards personalized medicine. Summary: There are two main pathways of CRC development: (1) chromosomal instability, also known as the classical adenoma-carcinoma sequence, and (2) microsatellite instability, caused by a defective mismatch repair (dMMR) system. Analysis of these pathways has uncovered key prognostic and predictive biomarkers to guide patient selection and treatment strategy. This review summarizes the current treatment regimens and recent advances in the personalized therapy of CRC. Key Message: Understanding of the mechanisms of CRC pathogenesis has led to new developments in tumor characterization, patient stratification, prognosis and treatment, bringing us closer to personalized therapy. Practical Implications: In the adjuvant setting, the treatment decision is driven by clinical and histopathological factors. dMMR status is one of the most robust positive prognostic factors in resected colon cancer. More and more guidelines recommend refraining from adjuvant chemotherapy in patients with dMMR. In the metastatic setting, the introduction of effective compounds, including agents that target the epidermal growth factor receptor and vascular endothelial growth factor pathways, has significantly improved survival. The presence of wild-type KRAS and NRAS (all RAS) is a positive predictive factor for epidermal growth factor receptor antibody treatment. Therefore, analysis of all RAS status is recommended for all patients with metastatic disease prior to the initiation of first-line chemotherapy.
Introduction
Colorectal cancer (CRC) is the second most common cancer type in the Western world, accounting for approximately 450,000 new cases in Europe each year. More than 200,000 patients die of the disease each year, which makes CRC still the second leading cause of cancer death in the Western world [1] . Over the past decade the treatment of CRC has changed markedly, in particular in metastatic disease, mostly through the introduction of combination chemotherapy with targeted agents, leading to more curative resections and also prolonging survival in patients with unresectable disease.
In the past years, a better understanding of the pathogenesis and progression of cancer has led to the identification of distinct cancer subtypes and an increasing number of treatment targets. Thereby, patients can now be better categorized into specific prognostic and predictive groups. Moreover and importantly, more effective drugs could be developed. This improvement in treatment options has been markedly noticed in various cancer types, such as breast cancer as well as non-small-cell lung cancer, where a number of new targeted agents have been recently approved for systemic treatment. In this short review, standard treatments and recent advances in the personalized therapy of CRC will be briefly summarized, focusing on prognostic (independent of treatment) and predictive (treatment effect) biomarkers and approved targeted therapies in the adjuvant as well as the palliative treatment setting.
The Pathogenesis of CRC
CRC develops along distinct pathways involving various genetic and epigenetic alterations [2] . Two major pathways of CRC development are presently known. One, called the classical adenoma-carcinoma sequence, is through chromosomal instability (CIN), and one through microsatellite instability (MSI), which is caused by a defective mismatch repair (dMMR) gene system following the so-called serrated pathway [3] . Beyond the division into these two major pathways, colon cancers are further grouped into five subtypes through their genetic and epigenetic alterations and prognosis ( table 1 ) [3, 4] . Important molecular criteria for this classification are chromosomal stability (CIN), CpG island methylator phenotype (CIMP) status, microsatellite instability (MSI, MSI-H, MSI-L, MSS), called dMMR status, as well as alterations (mutations and methylation) in key genes such as APC, KRAS, MLH1, MGMT and BRAF. Most recently the different molecular subgroups of colon cancer have been linked to prognosis and survival in stage III cancer and in a population-based registry [5, 6] .
The root of dMMR is either a germline mutation in one of the mismatch repair proteins MLH1, MSH2, MSH6 or PMS2 as in the hereditary Lynch syndrome. Alternatively, a mismatch repair defect is induced by hypermethylation of the promotor region and thus epigenetic inactivation of the MLH1 gene. Hypermethylation of promotor regions of cancer genes generally occurs associated with the CpG island methylator phenotype high [7, 8] .
In sporadic cancer with MLH1 inactivation one often finds mutations in the BRAF gene at V600E, whereas BRAF mutations are never found in Lynch syndrome. BRAF is a component of the raf kinase family and like KRAS and NRAS a regulator of the epidermal growth factor receptor (EGFR)/MAP kinase/ERK signaling pathway. Between 5 and 10% of colon cancers are mutant for BRAF. BRAF mutations are known to occur early in tumor development. There is a high concordance between primary tumor and metastasis regarding BRAF mutations. BRAF mutations are associated with right-sided tumors, high-grade histology, older age and female sex and more often occur in tumors developing along the so-called serrated pathway of CRC [3] . KRAS exon 2 mutations appear in approximately 40% of CRCs early in tumor development. BRAF and KRAS exon 2 mutations are virtually mutually exclusive.
Through the introduction of screening colonoscopies e.g. in Germany, more and more cancers of the colorectum are detected at earlier stages of cancer development [9] . Since survival in colon cancer is largely dependent on stage, disease-related mortality should thus be gradually declining. Patients with UICC stage I cancers show excellent 5-year overall survival (OS) of >90%. Similarly, patients with UICC stage II cancers without known specific clinical risk factors also survive disease-free in >80% of cases [10] . Such clinical risk factors comprise T4 category, tumor perforation, surgery with complete bowel obstruction and too few lymph nodes examined (understaging, <12). Some also consider G3 grading and vascular (V1) or lymphatic invasion (L1) clinical or histopathological risk factors [11] .
After curative resection of colon cancer, adjuvant chemotherapy should be considered mainly depending on stage. While adjuvant therapy is recommended in all patients with stage III disease, adjuvant therapy in stage II disease is more complex. Most guidelines recommend adjuvant chemotherapy with fluoropyrimidines in stage II disease if the above-mentioned clinical and histopathological risk factors are present, leading to a survival benefit of approximately 8-10%. In patients without those risk factors, OS is only improved by 3.6% under 6 months of 5-FU therapy [12] . Thus, large efforts are made to further characterize these approximately 5% of patients who benefit from adjuvant treatment in stage II low-risk cancer. Unfortunately, no predictive biomarkers have so far been identified for this patient group. In contrast, a number of prognostic factors have been found which help to further subdivide this population and guide treatment decisions. These factors comprise single genetic and epigenetic markers, combination of markers as well as gene signatures.
MSI or dMMR are the most clinically relevant molecular markers in stage II colon cancer at present. A large number of studies has identified dMMR as a strong and robust positive prognostic marker, in particular in stage II cancers with hazard ratios (HRs) for survival ranging from 0.3 to 0.46 [13] [14] [15] . The incidence of dMMR is stage-dependent, with approximately 20% MSI high in stage II, 12% in stage III and <4% in stage IV [16] . Patients with stage II MSI high tumors without clinical risk factors survive 5 years in >90% [17] . While dMMR as a prognostic marker is firmly established, there is no evidence that dMMR is also predictive. In fact, the only prospective randomized study analyzing dMMR as a predictive marker found no difference in chemosensitivity between MSS and MSI high cancers [17] . Moreover, some studies indicate that adjuvant fluoropyrimidine chemotherapy in dMMR cancers is harmful, lowering survival in these patients [18] . Interestingly, in a recent retrospective analysis of the NSABP C-08 trial, patients with dMMR cancers seemed to benefit from the addition of the anti-vascular endothelial growth factor (anti-VEGF) monoclonal antibody bevacizumab while the study was negative for the entire study population [19] . In stage III patients the addition of oxaliplatin is beneficial for both dMMR and proficient mismatch repair cancers [20] [21] [22] . In conclusion, guidelines more and more integrate the analysis of MSI into the management of resected colon cancer ( fig. 1 ). Thus, in patients with low-risk stage II cancer where adjuvant 5-FU chemotherapy is considered, mismatch repair status should be analyzed. In MSI high cancers with OS >90% the absolute benefit to 5-FU is low. Therefore, follow-up only should be recommended. Beyond single markers, some have found that the combination of genetic and epigenetic markers seems to improve the prediction of survival in patients with resected colon cancer [e.g. 8 ]. There in particular, presence or absence of BRAF mutations separate survival in patients with microsatellite-stable cancers, with BRAF-mutant MSS (proficient mismatch repair) patients having the worst prognosis [23, 24] . Most recently, analysis of mismatch repair in combination with mutation detection of KRAS and BRAF and hypermethylation of MLH1 (methylator phenotype) in patients with stage III colon cancer under adjuvant FOLFOX therapy identified significant differences in survival [5] . Thus, the prognosis in this patient population can be better predicted using the combination of these markers. Here again, the analysis did not identify markers indicating benefit from adjuvant therapy (predictive marker).
Lastly, a number of prognostic gene signatures have been identified, such as Oncotype DX or ColoPrint signature, both of which are under intense evaluation. The prognostic score using Oncotype DX can be retrieved from paraffin-embedded tissue [25] while the test ColoPrint uses fresh frozen tissue [26] . The signatures seem especially useful in stage II patients who do not carry a dominant prognostic marker such as T4 or dMMR [25, 27] . In addition, Oncotype DX seems useful in stage IIIA and B cancers because it may predict benefit from oxaliplatin in a specific subgroup [28, 29] . So far, none of the signatures have been introduced into the standard management of patients with colon cancer.
Systemic Treatment in Advanced Disease: Patient Groups, Targeted Therapy and Relevant Biomarkers
In the past decades survival in patients with metastatic CRC (mCRC) was significantly improved through the introduction of effective systemic therapy and an increase in surgical interventions [e.g. 30 ]. Most practice guidelines presently recommend to divide stage IV patients -apart from cases where metastases are primarily resectable -into three clinical groups according to the extent and the dynamics of their disease and the resulting treatment goal [11, 31] . Group 1 represents patients with hepatic and/or pulmonary potentially resectable metastases and group 2 patients with non-resectable disease with a high tumor burden, rapid disease progression or tumor-related symptoms. In both groups intensive systemic therapy should be offered if patient comorbidities and age allow such treatment. Especially in potentially resectable metastases, intensive combination therapy may lead to shrinking of lesions and eventually to R0 resectability of metastases. Thereby, more and more patients are being referred to secondary surgery with increase in survival if complete resection is achieved. Group 3 patients comprise patients with never-resectable disease, but lack of symptoms and less aggressive cancers. There, less intensive therapy may be applied [31] . As part of the improvement in systemic therapy in mCRC, monoclonal antibodies directed against the EGFR (cetuximab and panitumumab) or directed against the VEGF (bevacizumab) have been introduced.
Role of the Predictive Markers KRAS and NRAS in Anti-EGFR Antibody Combinations
The antibody cetuximab was tested in the first-line treatment of mCRC in combination with the FOLFIRI regimen within the CRYSTAL study, leading to a small but significant improvement in progression-free survival (PFS) [32] . Through a number of studies the mutational status of codon 12/13 in the KRAS gene was identified as a negative predictive marker for anti-EGFR antibody treatment in mCRC [33, 34] . Only patients with a wild-type status in KRAS showed benefit from these antibodies, while in patients with mutant KRAS anti-EGFR treatment was detrimental, especially when combined with FOLFOX. When evaluating the KRAS wild-type exon 2/3 subgroup within the CRYSTAL study, one found a median OS benefit of 3.5 months reaching an OS of 23.5 months (HR = 0.79) [35] . A further retrospective analysis of the PRIME study identified additional exons 3 and 4 in the KRAS gene as well as exons 2, 3 and 4 of the NRAS gene as strong predictive markers for anti-EGFR therapy, in this case panitumumab [36] . The combined analysis of both KRAS and NRAS is called all RAS analysis. While approximately 40% of mCRC patients carry a mutation in KRAS exon 2, the 'new' RAS mutations occur in a further 10-12%. In the all RAS wild-type population of the PRIME study, median OS in the panitumumab FOLFOX arm was 26 months compared to 20.2 months in the FOLFOX alone group (HR = 0.78). Importantly, survival in patients with any RAS mutation under anti-EGFR and FOLFOX combinations is shorter than with chemotherapy alone [36] . Therefore, the determination of the all RAS status should be obligatory before initiating systemic treatment with anti-EGFR antibodies in patients with mCRC. In fact, in Europe cetuximab and panitumumab are approved in patients with all RAS wild-type status only. Trials testing anti-EGFR antibodies in the first-line treatment of patients with mCRC are shown in table 2 .
BRAF, on the other hand, is not a predictive marker for anti-EGFR antibody treatment [36] , but a known strong negative prognostic factor in mCRC. Patients with mutant BRAF present with the shortest survival, with a median of <20 months.
The anti-VEGF antibody bevacizumab has been shown to improve survival in combination with chemotherapy compared to chemotherapy alone, while overall response rates (ORRs) are less increased [37, 38] . The efficacy of bevacizumab is independent of the mutational status in RAS, so bevacizumab is the preferred antibody combination when RAS mutations are present. Interestingly, for patients where the detrimental BRAF mutation is detected and who are in good condition, the combination of irinotecan, oxaliplatin, 5-FU (FOLFOXIRI) and bevacizumab is considered the most effective combination [39] . In the recent TRIBE study, patients were randomized to either FOLFIRI plus bevacizumab or FOLFOXIRI plus bevacizumab. In the FOLFOXIRI arm, median OS exceeded 30 months in the entire study population (HR = 0.79), with BRAF mutant patients displaying an impressive HR of 0.55. We therefore recommend testing for BRAF in very fit patients with all RAS wild-type mCRC to identify the prognostically unfavorable BRAF V600E mutation. 
Head-to-Head Comparison of Bevacizumab and Anti-EGFR Therapy in mCRC
So far two phase III and one phase II trial have directly compared bevacizumab and an anti-EGFR antibody in mCRC patients initially selected for KRAS exon 2 wild-type ( table 3 ) . The German FIRE-3 study compared FOLFIRI-cetuximab with FOLFIRI-bevacizumab in almost 600 patients with mCRC [40] . The US American CALGB/SWOG 80405 study compared cetuximab or bevacizumab with either FOLFOX or FOLFIRI chemotherapy backbone in almost 1,200 patients [41] . The primary endpoint of the FIRE-3 study was the ORR, with OS being a secondary endpoint. The ORR was 62% in the cetuximab arm and 58% in the bevacizumab arm (investigator assessment), which was not significantly different. Also, PFS was not different in the two treatment arms (10.0 vs. 10.2 months). In contrast, OS was increased by 3.7 months to 28.7 months in the cetuximab arm compared to the bevacizumab arm (HR = 0.77; p = 0.017). At ESMO 2014 the extended RAS data were presented [42] . 475 samples were analyzed for all RAS (more than 80% of samples), with 75 patients displaying a new RAS mutation (15.8%). Interestingly, in the subpopulation with all RAS wild-type, median OS was 33.1 months in the cetuximab arm versus 25 months in the bevacizumab arm (HR = 0.69). A central review of CT scans revealed a significant increase in overall response in the KRAS exon 2 as well as the all RAS wild-type population. How do we explain the large increase in OS in the cetuximab arm without PFS being different? Cetuximab may cause a deeper response with more shrinkage of lesions than bevacizumab, potentially leading to a longer time interval before lethal tumor load occurs. Anti-EGFR treatment also augments early tumor shrinkage in patients with mCRC, which may be used as another on-treatment marker in patients with wild-type tumors. The US American CALGB/SWOG 80405 study used median OS as the primary endpoint [41, 43] . Most patients received FOLFOX as chemotherapy backbone (74%), 26% received FOLFIRI. Within the entire study population (n = 1,137), OS was the same in the cetuximab and the bevacizumab arm (29.9 vs. 19.0 months, HR = 0.92; p = 0.34). Furthermore, under both chemotherapy regimens separately no difference in survival was found (HR = 0.9 for FOLFOX, HR = 1.2 for FOLFIRI) [41] . At ESMO 2014 the all RAS population was presented although the group could retrieve <60% of tissue samples for analysis only (n = 670). 256 patients in the bevacizumab arm and 270 patients in the cetuximab arm were all RAS wildtype. Objective response rates (investigator-assessed) were 69% under cetuximab and 54% under bevacizumab. OS under FOLFOX as chemotherapy or FOLFIRI was not significantly different between the arms, with high OS times of 29-35.2 months [43] . The reasons for the differences in results of these two large phase III studies are not completely clear. Data for the CALGB trial are still considered preliminary because information about second-line therapy and dosing is missing.
At present, we would recommend to test the biomarker all RAS (KRAS exon 2, 3 and 4 and NRAS exon 2, 3 and 4) in all patients with mCRC before initiation of first-line chemotherapy. In all RAS wild-type patients, one should consider offering anti-EGFR antibody treatment if the patient qualifies for combination chemotherapy. As shown in the FIRE-3 study, OS is increased and also early responses and especially the deepness of response are significantly improved under cetuximab combinations compared to combination with bevacizumab.
Future Developments
A number of studies have recently tried to further characterize patients with CRC, aiming at a further individualization of treatment and the identification of new treatment targets.
In a recent comprehensive analysis of more than 1,200 patients, Sadanandam et al. [44] used unsupervised clustering of gene expression profiles to group patients into distinct cancer subtypes. They there found six specific subgroups of cancer types, which interestingly responded differently to cetuximab and/or chemotherapy with irinotecan. The specific subtypes shared properties of normal epithelial cells of the non-transformed colon crypt with more or less stem cell properties. These distinct subtypes may help to further individualize therapy for patients with CRC in the adjuvant or metastatic setting.
In another comprehensive characterization of human colon and rectal cancer published in Nature 2012 [45] , whole-genome sequencing of 276 patients with CRC was performed by exome sequencing, DNA copy number analysis, promotor methylation and messenger and micro RNA expression. 16% of cancers were hypermutated, 75% of them were MSI-H. Expected mutations found were APC, TP53, SMAD4, PIK3CA and KRAS. Some unexpected mutations found were ARID1A, SOX9, FAM123B and ERBB2 [45] . Thereby, new targets may be identified for treatment.
At present, a number of trials have been initiated also testing combinations of targeted drugs, for example for the unfavorable BRAF mutation [46] . There, BRAF inhibitors are combined with anti-EGFR antibodies and MEK or Pi3K inhibitors. First activity has been demonstrated.
Importantly, with further subdivision of patient populations into smaller and smaller groups according to the mutational status of certain genes, we need to combine efforts to screen a large number of patients for all sorts of mutations simultaneously. This allows us to
